The additional effect of P and Cu on the magnetic properties of Fe-Nb-B nanocrystalline soft magnetic alloys was investigated from the viewpoint of microstructures. Mean size of -Fe grain for both Fe 83:8 Nb 6:6 B 9:6 and Fe 83:7 Nb 6:6 B 8:6 P 1 Cu 0:1 ribbon alloys are measured to be about 8.5 nm, and size distribution of those are measured to be 0.391 and 0.236, respectively, using an oval approximation for shape of -Fe grains. Values of coercivity for Fe 83:8 Nb 6:6 B 9:6 and Fe 83:7 Nb 6:6 B 8:6 P 1 Cu 0:1 alloys calculated using a two-phase random anisotropy model are 6.73 and 4.93 AÁm À1 , and measured ones are 8.64 and 3.74 AÁm À1 , respectively. The improvement probably originates from the decrease in the distribution of the -Fe grain size in the crystallized structure by the simultaneous addition.
Introduction
Because of good soft magnetic properties, nanocrystalline Fr-based alloys have accumulated many researchers' attention. [1] [2] [3] [4] In order to improve the magnetic property, it is necessary to understand the relationship between microstructure and magnetic property. Makino et al. showed the pseudo-ternary diagram of the magnetic properties of the nanocrystallized Fe-Nb-B-P 1 Cu 0:1 alloy ribbons annealed at 650 C for 300 s with 5 mm width in Fig. 1 of Ref. 5) . Hence, the change of the amorphous forming ability is considered to be little by the substitution of P and Cu for B and Fe, respectively, because Cu has no amorphous-forming ability and P has slightly lower ability than B for the Fe-based alloys. 6, 7) It was already reported that the soft magnetic properties strongly depend on the grain size and the dispersion of the -Fe grains and the volume fraction of the -Fe phase for the nanocrystalline soft magnetic Fe-Nb-B alloys. 5, [8] [9] [10] [11] In Herzer's random anisotropy model (RAM), 12, 13) the effect of anisotropies such as magneto-elastic or annealing-induced anisotropy and coexistence of crystalline and amorphous phase are not considered. Recently, Bitoh et al. 14) reported that two-phase, containing the nanocrystalline and amorphous ones, random anisotropy model explains well the dependence of H c on the grain-size distribution and it is important to pay attention on not only the mean grain size but also on the grain-size distribution, because the inhomogeneity of the grain size increase H c .
The purpose of the present study is to elucidate characteristic relationship between the microstructures and the soft magnetic properties of nanocrystalline Fe-Nb-B(-P-Cu) alloys by transmission electron microscopy (TEM) observations.
Experimental
Fe 83:8 Nb 6:6 B 9:6 and Fe 83:7 Nb 6:6 B 8:6 P 1 Cu 0:1 alloy ingots were prepared by arc-melting a mixture of pure Fe (3N), Nb (3N), and Cu (4N) metals, premelted Fe-P, and pure B (2N5) crystal in an Ar atmosphere. A single-roller melt-spinning method in air was used to procedure the rapidly solidified ribbon about 5 mm in width and approximately 20 mm in thickness. The alloy compositions are nominally expressed since the difference between nominal and chemical analyzed composition was negligibly small. Crystallizing treatment was carried out by treating the specimens for 300 s at various temperatures (500 C, 600 C, 650 C, 700 C) in a vacuum with a heating rate of 3 C/s. The annealed samples were identified by X-ray diffraction (XRD), taken from the free surface of the ribbons, The coercivity H c under a maximum applied field of 800 kA/m was measured by a vibrating samples magnetometer and a dc B-H loop tracer. Thin specimens for TEM observations were prepared using by the ion-milling. Electron diffraction patterns, bright-field (BF) TEM images and high-resolution electron microscopy (HREM) images were obtained using a 200 kV electron microscope (JEOL JEM-2010) at a resolution of 0.19 nm. The mean grain sizes of -Fe grains were estimated on the basis of the BF images.
Results and Discussion
Dependence of coercivity H c on annealing temperature for (a) Fe 83:8 Nb 6:6 B 9:6 and (b) Fe 83:7 Nb 6:6 B 8:6 P 1 Cu 0:1 alloys was shown in Fig. 1 . Because Fe 83:7 Nb 6:6 B 8:6 P 1 Cu 0:1 alloy at 650 C annealing have the lowest H c , we focus on the 650 C annealed alloys in the present study. Moreover, because of relative wide gap H c of between un-added and P-Cu added alloys, it was expected that there are remarkable differences of microstructures.
XRD patterns taken from (a) Fe 83:8 Nb 6:6 B 9:6 and (b) Fe 83:7 Nb 6:6 B 8:6 P 1 Cu 0:1 ribbon alloys annealed at 650 C were shown in Fig. 2 . The mean grain sizes hDi X-ray of the -Fe phase evaluated from the analysis of the XRD patterns for Fe 83:8 Nb 6:6 B 9:6 and Fe 83:7 Nb 6:6 B 8:6 P 1 Cu 0:1 alloys, were about 10.0 nm and 7.5 nm, respectively.
5) The mean grain size of -Fe grains was evaluated by using Scherrer's equation from the half-width of 110 reflection peak. Volume fractions v c of the -Fe phase evaluated from the anal- reported that the simultaneous addition of P and Cu makes drastic change in the as-quenched structure including the nanoscale -Fe grains. 5) On the other hand, microstructures in annealed samples exhibit similar homogenous features. Also, from diffraction ring in insets of Fig. 3 , both alloys have a crystallographic-isotropic microstructure. Figure 4 shows HREM images taken from (a) Fe 83:8 Nb 6:6 B 9:6 and (b) Fe 83:7 Nb 6:6 B 8:6 P 1 Cu 0:1 ribbon alloys annealed at 650 C. As described about the electron diffraction patterns in insets of Fig. 3 , -Fe grains are dispersed randomly. In addition, it can be recognized that the morphology of -Fe grains has an oval shape rather than a circular one from Figs. 3 and 4. A remarkable feature is that the intergranular amorphous phase exists in both alloys. Figure 5 shows size distribution of -Fe grains for (a) Fe 83:8 Nb 6:6 B 9:6 and (b) Fe 83:7 Nb 6:6 B 8:6 P 1 Cu 0:1 ribbon alloys annealed at 650 C. The obtained grain size distribution of -Fe phase is well reproduced by the log-normal distribution function. In the estimation of size distributions of -Fe grains, short and long length, l s and l l , of -Fe oval grains wee measured, as mentioned above. That is, D -Fe is defined as ffiffiffiffiffiffiffiffiffiffiffi ffi l s Â l l p . It is expected that the oval approximation for the outer shape of the -Fe grains results in more precise measurement for D -Fe , compared to that of circular one. Obtained mean size, hDi TEM , slightly increase from 8.46 nm to 8.58 nm by simultaneous P and Cu addition. On the other hand, the distribution of the P-Cu added alloy is much narrower than that of the ternary alloy; the standard deviation significantly decreases from 0.391 to 0.236 by the addition. It is clear that the growth of coarse -Fe grains is suppressed by the P-Cu addition. Thus, the narrow distribution of the -Fe grain size should be a dominant reason for the improvement of the soft magnetic properties by the P and Cu addition. Let analyze the coercivity of the nanocrystalline Fe-Nb-B(-P-Cu) alloys from the grain size distribution. Because the intergranular amorphous phase exists in present alloys as shown in Figs. 4, the anisotropy energy density and the exchange stiffness constant of the amorphous phase should be considered. Bitoh et al., 14) proposed a new 'two-phase RAM', which considers grain size distribution, based on the original RAM. From the two-phase RAM, effective anisotropy constant, hKi, was calculated from the intrinsic magnetocrystalline anisotropy constant K 1 (¼ 47000 JÁm À1 ), 16) the induced uniaxial anisotropy energy density K u (¼ 104 JÁ m À1 ), 14) the volume fraction of the crystalline phase v c (¼ 0:7), and the intrinsic exchange correlation length L 0 (¼ 37 nm)
2) for both alloys. The K u value is determined by the experimental value of H c of the Fe 84 Nb 7 B 9 alloy and is assumed that the present alloys have the same value. Because the magnetization is dominated by the induced anisotropy in the case of present alloys, hKi can be expressed as
It was confirmed that H c is proportional to hDi 3 at range of small size hDi in Fe-M-B (M ¼ IVa to VIa metal) alloys. 17) Finally, coercivity H calc. c can be calculated using
where p c (¼ 0:64) is adopted the theoretical value for cubic particles oriented at random, 16) and J s is a saturation magnetization. As shown in Table 1 , estimation of coercivity H calc. c on the basis of the grain size distribution obtained from Fe 83:7 Nb 6:6 B 8:6 P 1 Cu 0:1 ribbon alloys annealed at 650 C. Figure 6 shows microstructures of low-temperature annealed Fe 83:8 Nb 6:6 B 9:6 (a), (c) and Fe 83:7 Nb 6:6 B 8:6 P 1 Cu 0:1 (b), (d) ribbon alloys annealed at 300 C (a), (b) and 500 C (c), (d). In both alloys annealed at 300 C, several nano-scale crystalline phases can be seen as indicated by ovals. Moreover, one can notice that the Fe 83:8 Nb 6:6 B 9:6 alloy at 300 C annealed contains relatively large grains, compared to that of Fe 83:7 Nb 6:6 B 8:6 P 1 Cu 0:1 one. Among two alloys annealed at 500 C, the tendency is more remarkable. Apparently, coarse -Fe grains exist in annealed Fe 83:8 -Nb 6:6 B 9:6 alloy as indicated by arrows. From the comparison of microstructures in these alloys annealed at different temperatures, it is confirmed that the narrow grain size distribution is an intrinsic feature due to the simultaneously P and Cu addition.
Conclusion
We have quantitatively estimated the coercivity H calc. c from the mean grain size and size distribution of -Fe grains using the two-phase random anisotropic model by TEM observations for Fe 83:8 Nb 6:6 B 9:6 and Fe 83:7 Nb 6:6 B 8:6 P 1 Cu 0:1 alloys. It was confirmed that the decrease of coercivity by the P and Cu addition is originated from the narrow distribution of -Fe grain size.
